In this study, a bio-inspired dung beetle robot was developed that emulated the dung rolling motion of the dung beetle. Dung beetles, which can roll objects up to 1000 times their own body weight, are one of the strongest insect species in the world. While the locomotion of many insects, such as cockroaches, inchworms, and butterflies, has been studied widely, the locomotion of dung beetles has rarely been given attention. Here, we report on the development of a dung beetle robot made specifically to investigate dung-rolling behavior and to determine and understand the underlying mechanism. Two versions of the robot were built, and the leg trajectories were carefully designed based on kinematic analysis. Cylinder and ball rolling experiments were conducted, and the results showed that the dung beetle robot could successfully and reliably roll objects. This further suggests that the dung beetle robot, with its current morphology, is capable of reliably rolling dung without the need for complex control strategies.
Introduction
Research into bio-inspired robots has developed rapidly over the past twenty years as the quality of motors, sensors, and processors has improved. Some of these robots are even autonomous and can maintain a high degree of stability and reliability. The concept behind bio-inspired robots is to learn from nature, particularly in terms of the morphology, control, and locomotion of biological systems, and to apply the extracted principles to engineering solutions. Bio-inspired robots have many potential applications in areas, such as education, entertainment, the military, and rescue operations. They have become one of the most prominent aspects of robotics.
A wide range of bio-inspired robots has been developed with many different focuses, and insects are one of the inspiration sources. For example, RHex is a hexapod robot inspired by the locomotion of cockroaches. Although RHex has only one active rotational degree of freedom (DOF) per leg, it can perform various actions, such as walking [1] , running [2] , stair climbing, bar and step climbing [3] , self-righting [4] , and leaping [5] . A simplified version, ToyRHex, which employs a single direct current (DC) motor with a noncircular gear transmission to drive all six legs, can both walk and run [6] . The Sprawl series was also inspired by cockroach locomotion, but was designed through a different approach. Sprawlita uses linear pneumatic actuators as the driving force and servo motors to control the leg configuration [7] . Later, iSprawl replaced the pneumatic actuators with a DC motor and a crank-slider mechanism to achieve autonomous power [8] . MantisBot developed by Quinn et al. imitates the mantis, and is controlled by a high-fidelity neural simulation. It has 28 DOFs to implement directed behavior, such as prey tracking and striking [9] . Robot II, also developed by Quinn et al., is an 18 DOF hexapod robot inspired by the locomotion of the locust. It can perform simultaneous lateral, rotational, and forward or backward walking, while also successfully negotiating irregular terrain using a combination of active compliance, postural control, searching behavior, and an elevator reflex [10] . HExapod Cognitive auTonomously Operating Robot (HECTOR) developed by Schneider et al. is a six-legged robot consisting of 18 embedded, custom-designed, and compliant joint drives based on an integrated elastomer coupling. It can move all six legs independently, react to its surroundings, and learn from experience [11, 12] . Octavio, developed by von Twickel et al., consists of single, energy-and control-autonomous legs with three DOFs and is inspired by Carausius morosus. Its legs are especially robust when compared with most other walking machines. Further, it is based on the concept of cybernetically-equivalent processes in biology and technology [13] . AMOS II developed by Manoonpong et al. imitates cockroaches and stick insects, generating basic walking behavior and effectively performing reactive climbing behavior [14] .
A wide range of insect-inspired research studies focusing on robotic emulations have been published but, to the best of our knowledge, there is no relevant literature about dung beetle's locomotion. Therefore, we were motivated to explore dung rolling from a robotic aspect. The goal of this research is to explore the possibility of designing a robot that can execute a steady ball-rolling motion through simple mechanisms and control strategies.
From the above mentioned insect-inspired robots, we can see locomotion is the main point in hexapod robots. Some use simple mechanisms to perform a specific action, while others build a sophisticated control strategy to manipulate multiple degrees of freedom. Here, by observing the diversity in robot design, we determine to seek a simplified method to achieve our goal.
The remainder of the paper is organized as follows: Section 2 describes the design of the robot and the planning of the leg motion. Section 3 reports the experimental results. Section 4 concludes the work. Figure 1 shows the locomotion and body structure of the dung beetle [15] , which rolls dung by posing its body upside down. This makes sense for two reasons:
Materials and Methods

Observation
1.
The weight of the beetle can be steadily supported by the forelegs, which are short and strong. 2.
The ball of dung can be easily manipulated by the long mid-and hind-legs, which have spines that help to grasp the soft dung.
In addition, when the dung beetle rolls a dung ball, for stable manipulation, it always uses at least two legs, a mid-leg and hind-leg, on opposite sides of the body to hold the ball of dung. As a normal insect, the leg of the dung beetle is comprised of five major segments: coxa, trochanter, femur, tibia, and tarsus, as shown in Figure 2a . In the remainder of this paper, the abbreviated form of each leg is used, as shown in Figure 2b : LF for left foreleg, LM for left mid-leg, LH for left hind-leg, RF for right foreleg, RM for right mid-leg, and RH for right hind-leg. Figure 2 . The body structure of a dung beetle: (a) the major leg segments of adult insects [16] ; and (b) the abbreviations of dung beetle's legs [17] .
The main scope of this research work is to develop a robot that can roll a sphere forward steadily without a sensing unit. The body structure is inspired by the dung beetle, and the specification is listed in Table 1 . The robot body has dimensions of 180 mm × 160 mm, which accommodates the control unit and power supply. The control program is built by the LabVIEW FPGA module (National Instruments, Austin, TX, USA), and the controller is an NI myRIO embedded system (National Instruments, Austin, TX, USA). The servomotors are connected to the controller through the breakout board. The power is supplied by an 1100 mAh lithium polymer battery. The claws are fabricated using 3D printing, with Polylactic acid (PLA) material. 
Robot Morphology Design
Dung rolling is comprised of two sub-motions: the forward thrust provided by the forelegs, and control of the rolling motion by the mid-and hind-legs. To investigate the simplest pattern of its movement, we simplified the spatial dung rolling by making it a sagittal planar problem. The free-body diagram is shown in Figure 3 . The static equations for the dung beetle are as follows:
The forces acting on the mid-leg are not necessary to obtain static equilibrium. Therefore, the first robot we built ( Figure 4 ) was achieved as follows:
The dung-ball was replaced by a cylinder. Due to the line contact with the ground, the rolling was close to pure rolling, and the direction could easily be kept constant.
2.
The forelegs were replaced by circular wheels ( Figure 5 ). The robot had two possible foreleg ground contact points and two cylinder contact points through the other two legs. However, rolling of the cylinder was unstable because sometimes two hind-legs were not in contact with the ground, which was necessary for stability. Use of the fully-uninterrupted wheel meant that foreleg contact with the ground was continuous. In such a case, even if the other legs rolled the cylinder alternatively, the robot would always have three contact points to ensure stable body posture. 3.
In the early stage of robot development, ball-rolling was simplified to cylinder-rolling, and the motion projections of these two cases on the sagittal plane were indeed identical. For simulation, a model composed of two legs and one wheel was indeed a better choice. However, for empirical robotic implementation, the robot required a certain width to make its sagittal-plane forward motion feasible. In addition, one leg on the cylinder was sufficient to roll the cylinder. Thus, instead of using a middle leg and a hind leg, the robot was designed to have two hind legs and two wheels, which are leg LH/RH and LF/RF. 4.
Since the leg had no control over the orientation of the claw, the foot was needle-shaped with a small ball at the end to give it point contact with the simulated dung (the cylinder). We set up an experiment to test the rolling motion of the robot. The cylinder was replaced by a water bottle. The robot motion sequence is illustrated in Figure 6 . The experimental results show that the robot was able to roll a cylinder steadily forwards. The robot could also passively adjust its body orientation so that the start and end position of the legs on the cylinder were properly aligned to provide rolling force to the cylinder. Although planar rolling motion had been achieved, the robot could not roll a ball because the alternating rolling motion of the legs RH and LH caused the ball to spin and move sideways. Simultaneous rolling force on both sides of the ball was required to make ball rolling feasible. The second version of the dung beetle robot, as shown in Figure 7 , has a four-legged morphology and two wheels. In this case, the mid-leg and the hind-leg on the opposite side can provide rolling forces to the ball simultaneously, and the ball can be rolled steadily in a fixed direction (Figure 8 ). 
Planning the Dung Rolling Motion
The robot was able to perform different steady ball rolling motions, but the simplest of these was achieved by assuming that both the robot and the ball move at the same constant speed. In this case, the foot trajectory relative to the robot body was a simple arc. By using inverse kinematics, the joint angles of the legs could be analytically derived from the known radius of the ball and other parameters, such as the relative configuration between the robot and the ball.
The rolling motion of the robot leg can be divided into four stages, as shown in Figure 9a . The associated timing diagram is shown in Figure 9c ; the diagram includes the motion of either a pair of mid-legs or hind-legs. The starting point and the range where the legs roll the ball need to be set appropriately. The sequence of the rolling motion is described as follows:
1.
Initially, the legs were placed at the red triangles shown in Figure 9a , which are close to the starting and end points. For demonstration purposes, assume the leg placed close to the starting point is leg RH, and the other is leg LH.
2.
As the rolling motion starts, leg RH moves along track 1 , and leg LH moves along track 3 . At this stage, both hind-legs are holding the ball, so the ball rolls steadily.
3.
When leg RH begins moving along track 2 , leg LH is lifting from the end point and moving along track 4 towards the starting point. At this stage, the ball is rolled by only one leg of this pair.
4.
When leg RH moves along track 3 , leg LH contacts the ball at the starting point and then moves along track 1 .
5.
Leg RH lifts from the ball after reaching the end point, and then moves back to the starting point. Leg LH keeps moving along track 2 at the same time. When the mid-legs or the hind-legs roll the ball at its starting point, no radial/normal displacement should be applied to the ball, because this would not only roll the ball, but also push it away. Therefore, while the leg is in contact with the ball at the starting point, its motion must be in the tangential direction of the ball to provide only a rolling force. At the end point, it lifts vertically from the ball to avoid generating any disturbance to the rolling motion. After that, the foot moves along with an arc parallel to the ball surface. The precise trajectory of track 4 is shown in Figure 9b .
The gait pattern shown in Figure 9b can be applied to both mid-and hind-legs. These two pairs of legs are synchronized so that the opposite legs work simultaneously; more specifically, when the right hind-legs and the left mid-legs are in phase. This coordination of the mid-and hind-legs ensures that at least one leg on each side rolls the ball at every instant, thus providing steady and continuous tangential force to roll the ball. The leg motion sequence is illustrated in Figure 10 . 
Experimental Validation
The dung beetle robot was built and used to perform ball rolling motion as the validation step for this bio-inspired engineering system. Here, the experimental results of the final dung beetle robot are reported. To collect the quantitative motion data of both the robot and the ball, markers were placed on both, as shown in Figure 11a , and the experiments were executed under a motion capture system composed of five high-speed cameras (T20s, VICON, Oxford, UK). At least three of these can capture the marker positions at any given moment. The robot (including its body and legs) and the ball were computed based on the three-dimensional coordinates of the markers. The parameters and settings used in the experiments are described as follows, and are shown in Figure 11b. • The "simulated" dung: A ball was used and rolled by the robot.
•
The radius of the rolling object (r): A basketball with a radius of 12.5 cm was used as the ball.
Forward velocity (V): The forward velocity of both the robot and the ball were set at a constant 5 cm/s.
Rolling range and the starting angle (∆θ) of the mid-and hind-legs: The rolling range was set to 30 • . During the first and last 10 • , the ball was rolled by four legs. During the middle 10 • , the ball was rolled by two legs while the other two were in the air for repositioning.
Body inclination (∅): when the robot rolls the ball, its body must incline on the ball to allow the mid-and hind-legs to have sufficient normal force to roll the ball. These legs also help to partially support the body weight. The body inclination was set at 60 • .
The distance between the robot body and the ball (D): This distance affects the leg trajectories. If the distance is too short, the leg trajectory may not be feasible due to tight space. In contrast, if it is too long, the ball is difficult to reach. The distance was set at 30 cm.
Ball weight (W): we used a basketball, which weighed 650 g.
Two sets of experiments were conducted to evaluate the ball rolling performance of the dung beetle robot. Since the rolling range was the key factor influencing performance, two rolling ranges, namely 40 • -70 • and 50 • -80 • , were evaluated. 
Results
Figures 12 and 13 show the planar center of mass (COM) trajectory of the ball at each leg motion loop described in Figure 10 . The robot was set to roll the dung on multiple runs, and the experimental data were reorganized and analyzed per motion period. The mean and standard deviations of all the experimental data per step are presented by solid curves and error bars. Although the leg trajectories were pre-defined and open-loop without any sensory feedback, the robot seemed to be capable of stabilizing its rolling motion despite some deviation at each time step. From the observation of Figures 12 and 13 , the robot with a high rolling range (i.e., (b)) seems to be more stable than that with a low rolling range (i.e., (a)). This is because the robot leans on the ball more heavily at a high rolling range, and this seemed to make the ball more controllable. Figure 15b shows the variation in body inclination of the robot as it rolled the ball. Ideally, if the foot makes contact and rolls the ball exactly as planned, the robot body should maintain a constant inclination angle. In reality, because the contact point may deviate from the ideal and slippage may occur during the roll, the body inclination changes. Due to this imperfect effect, rolling in the lower rolling range of 40 • -70 • had larger deviations (mean 56.1 • and standard deviation 1.76 • ) than that of the higher range (mean 55.6 • and standard deviation 0.82 • ). 
Discussion
To summarize, the robot had fewer DOFs than the dung beetle for dung/ball rolling or manipulation, and the robot only had a simple control strategy for the rolling motion; however, the experimental results showed that the robot was still capable of rolling the ball without severe deviation from the planned trajectory. The current arrangement of the rolling force to the ball seems to be able to stabilize the motion of the system. In addition, in the higher rolling range, the robot seems to be more stable than in the lower range. We speculate that a dung beetle also searches for a higher rolling range to lean more heavily on the ball for more rolling stability.
The six-legged locomotive morphology evolved by insects is intrinsically robust and is easily adaptable to diverse environments by using the combination of feedforward and delicate sensory feedback strategies. On the robot side, the adequate feedback for robust locomotion, similar to that of insects, is still in the exploration stage. In the meantime, robots with a "preflex" level of the motion planning, such as RHex, can exhibit certain locomotion capability. Similarly, although the robot utilized in this experiment is extremely simple compared to an evolved dung beetle, the robot can indeed perform a basic rolling motion.
Conclusions and Future Work
In this study on the development of a dung beetle robot to simulate dung rolling motion, the robot went through two design iterations. In the first version, only sagittal plane rolling motion was considered, the dung was simulated by a cylinder, and the four mid-and hind-legs were represented by only two. The experiments showed that the robot could indeed roll the cylinder smoothly. To bring the scenario closer to reality, a second version of the robot was designed with a morphology with two wheels and four legs that was capable of using four mid-and hind-legs to roll a ball. The front legs were represented by two wheels that provided constant forward motion and thrust.
The quantitative experiments were conducted under a motion capture system to evaluate the performance of the robot. Various parameters were first set, such as forward velocity, rolling range, and body inclination angle. Two sets of experiments with the robot using different rolling ranges were evaluated. The results show that the robot was capable of rolling a ball on the flat terrain by using a simple pre-defined leg trajectory without the need for a feedback mechanism. Though the robot only rolled the ball on flat terrain, many uncertainties and empirical defects came into play (e.g., the robot dimensions and rigidity, the control accuracy (position, synchronization, etc.), the ball dimensions, and rolling/sliding). In addition, variations in the robot body inclination indicate that the setting is not perfect.
This development serves as the first step toward understanding the underlying mechanism of dung rolling by the dung beetle. Many interesting issues remain, such as obstacle avoidance, non-spherical dung, and rough terrain. We are currently moving forward to explore these unsolved issues.
